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Abstract:When small cells are densely deployed in the fifth generation (5G) cellular networks, switching off a part of base stations
(BSs) is a practical approach for saving energy consumption considering the variation of traffic load. The small cell network with
the massive multi-input multi-output (massive MIMO) system is analyzed in this paper due to the dense deployment and low power
consumption. Based on the BS switch-off strategy with distance constraints, the energy and coverage efficiency are investigated
to illustrate the performance of the BS switch-off strategy. Simulation results indicate that the energy efficiency and coverage
efficiency of the proposed strategy are better than the random strategy. The energy efficiency increases with the BS intensity and
the minimal distance, and a maximum coverage efficiency can be achieved with the increase of the BS intensity and the minimum
distance. In this case, the optimal BS switch-off strategy can be designed under this work in the actual scene.
1 Introduction
With the development of the fifth generation (5G) mobile commu-
nication system, key technologies such as the massive multi-input
multi-output (massive MIMO) technology, millimeter wave technol-
ogy and small cell networks, are emerging as reasonable solutions
for 5G cellular networks [1]. To deploy the large antenna array of
the massive MIMO system in a base station (BS), the antenna spac-
ing needs to be reduced. The millimeter wave technology matches
the massive MIMO system very well due to the short wavelength
of the millimeter wave. Considering that the millimeter wave sig-
nals are sensitive to the blockages in the propagation environment,
the propagation distance of a BS with the massive MIMO system is
reduced compared with the traditional microwave BS. In this case, a
large number of low power BSs have to be deployed densely in 5G
cellular networks to meet the requirement of seamless coverage [2].
Moreover, the energy efficiency needs to be optimized to satisfy
the requirement of the future 5G green networks [3]. BS switch-off
strategies are practical approaches to save energy in green cellu-
lar networks since 80% energy of cellular networks is consumed at
macro BSs [4, 5]. Considering that the cooling unit in a small cell
BS is abolished, the primary power consumption of the small cell
BS is used for transmitting signals and computing [2]. The power
consumption model of a small cell BS is different from a macro BS.
In this case, it is essential to analyze the impacts of the BS switch-off
strategies for small cell networks with the massive MIMO system.
Various studies have been carried out for BS switch-off strate-
gies for greener 5G small cell networks [6, 7, 10–13]. Regarding
the control conditions for the selection of the switched BSs, the BS
switch-off strategies can be categorized into random strategy, traffic-
aware strategy, and distance-aware strategy. Two sleeping mode
strategies, i.e., random and strategic sleeping modes, were proposed
and analyzed for the energy efficiency of cellular networks in [6],
where the probabilities that a BS continues to work in the two sleep-
ing modes are configured as a constant and a function of the traffic.
In [7], a BS was considered to be switched when there is no user
equipment (UE) in the cell, such that the probability that a BS is
switched is a function of the UE density. The above three strate-
gies can be regarded as the random strategies due to the independent
decision making from the actual network deployment. The traffic
load is an important factor for BS switch-off strategies [8, 9]. A
concept called traffic-aware cell management was innovated in [10],
which involves cell division, cell death, and cell migration to repre-
sent adaptations of networks, where the state transitions of BSs are
controlled. The direction of arrival (DOA) was adopted in [10] for
distributed decision making. A balanced dynamic planning approach
that accounts for quality of service (QoS) requirements both in the
uplink and downlink was proposed in [11] to specify the BS switch-
ing decision, which was formulated as a two-timescale average
reward Markov decision process with finite horizon. The traffic-
aware cell management and balanced dynamic planning approach
are traffic-aware strategies because the decision making of these
strategies are determined by the users’ traffic requirements and QoS
requirements. Given that the best signal-to-interference ratio (SIR)
distribution can be achieved when BSs are located on a hexagonal
layout, the authors in [12] studied applying cell switch-off algo-
rithms to irregular network layouts with the objective of making the
active BS locations as regular as possible, regardless of the irreg-
ularity of the original network layout. An optimal location-based
operation scheme was proposed in [13] by gradually switching off
the small cell BSs closer to the macro BS, in order to reduce the total
power consumption of the heterogeneous networks (HetNets) while
keeping the marco BS on to avoid any service failure outside active
small-cells. The decision making of the optimal location-based oper-
ation scheme is associated with the distance between the candidate
small cell BSs and the macro BS, which is regarded as a distance-
aware strategy. However, the impact of the relationship between
switched BSs and active BSs on the performance of the thinning
network could not come into sharp focus in all above strategies.
The BS switch-off strategy has been emerged as a viable solu-
tion to enhance the overall network energy efficiency by inactivating
the unutilized BSs. However, it affects the performance of UEs
associated with the switched BSs depending on the BS associa-
tion scheme, channel conditions toward the active BSs, and traffic
loads at the active BSs. In this case, the network energy efficiency
and coverage probability of the BS switch-off strategy are the main
parameters to be analyzed and optimized [14–19]. The impact of dif-
ferent multi-user scheduling schemes was analyzed in [14] on the
channel access probability and spectral efficiency of the sleeping
cell users given a certain BS-switching-off pattern, and numerical
results demonstrated the efficacy of the maximum mean channel
access probability-based association scheme in non-uniform traffic
load scenarios. The capacity and energy consumption metrics of
small-cell networks that are enabled with sleep mode functionality
were investigated in [15] to systematically and accurately identify
the potential sleep mode cells that can maximize the spectrum reuse
efficiency without the need for an exhaustive search. By consider-
ing the switching cost, an energy saving problem of BSs in cellular
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networks was formulated as the minimum energy cost problem and
solved in two steps in [16]. In [17] by employing auction tools
and novel bidding strategies, a switching off scheme was intro-
duced that allows mobile networks to reduce expenditures, and was
evaluated in terms of energy efficiency and cost metrics for vari-
ous conditions (different bidding levels and behaviors). In [18] the
expected sleeping ratio of small cells with the time-varying traf-
fic was obtained for two small cell sleeping schemes (random and
repulsive schemes), under which the UEs of the sleeping small cells
are vertically offloaded to the macro BS-layer for outage probability
guarantee. The proposed energy management policy with dynami-
cally switching off unneeded BSs in [19], applied in a renewable
energy-powered mobile access network to respond to the smart gird
requests was highly effective in reducing the operational cost, that
may decrease by up to more than 100% under proper setting of
operational parameters.
In our previous work [20], a BS switch-off strategy with distance
constraints was proposed for reducing the energy consumption in
the point to point (P2P) cellular networks. The mutual repulsion
among active BSs in the proposed switch-off strategy was analyzed
and influences the performance of cellular networks which cannot
be ignored. In [21], we proposed a multi-user multi-antenna cel-
lular network model with the aforementioned minimum distance
constraint for adjacent base stations, where the locations of all BSs
were modeled by the hard-core point process (HCPP). Above stud-
ies of BS switch-off strategies are based on the traditional cellular
networks. However, small cell networks with the massive MIMO
technology is emerging as the future 5G network architecture. Con-
sidering that the cooling unit in a small cell BS is abolished, the
primary power consumption of the small cell BS is used for transmit-
ting signals and computing. The energy saving caused by switching
off a small cell BS is reduced compared with the scenario with macro
BSs. Moreover, the adoption of massive MIMO technology at the
small cell BS can provide the higher capability to serve more users
compared with the MIMO or P2P BS, which results in the assurance
of the usersa˛r´ QoS. Therefore, it is essential to analyze the impacts
of the BS switch-off strategies for small cell networks with the mas-
sive MIMO system. And the trade-off between the energy saving and
coverage loss in small cell networks with the massive MIMO system
need to be reassessed.
In this paper, we introduce the hard core point process (HCPP) to
model the BS distribution of the thinning small cell network when
the BS switch-off strategy with mutual repulsion is adopted. The
minimum distance between active BSs is an important factor for the
BS switch-off strategy in 5G small cell networks. By formulating
the energy efficiency and coverage efficiency of the thinning small
cell network with the massive MIMO system, the limit of coverage
efficiency is obtained in 5G green small cell networks with massive
MIMO systems. The contributions of this paper are summarized as
follows:
(i) The HCPP model is introduced to model the thinning small cell
network which adopts the mutual repulsive BS switch-off strategy.
Moreover, the small cell network with massive MIMO system is
considered.
(ii) The energy and coverage efficiency of the small cell net-
work with massive MIMO system are derived to investigate the
performance of the proposed BS switch-off strategy.
(iii) Considering the BS switch-off strategy with distance con-
straints, simulation results indicate that the limit for the coverage
efficiency is existing.
The remainder of this paper is organized as follows. Section II
introduces the system model. The interference model of the small
cell network is presented in Section III. The energy efficiency of the
thinning small cell network is proposed in Section IV. The coverage
efficiency of the thinning small cell network is analyzed in Section
V. Simulation results are shown in Section VI. Finally, conclusions
are drawn in Section VII.
2 System Model
To save the energy consumption of small cell networks with light
traffic load, the BSs switch-off strategy is one of main approaches to
improve the energy efficiency of small cell networks. In this case, a
part of adjacent small cell BSs are selected to switch off to guaran-
tee the coverage of small cell networks. Therefore, a BS switch-off
strategy with mutual repulsion and the channel model of the massive
MIMO system are introduced respectively in the following.
2.1 BS Switch-off Strategy with Mutual Repulsion
A small cell network with the massive MIMO technology is con-
sidered in this paper. We assume that all BSs are randomly located
in the infinite plane R2. The locations of all BSs are assumed to
be governed by a homogeneous Poisson point process (PPP) with
intensity λB , i.e., ΠPPP = {xi, i = 1, 2, . . .}, where xi denotes the
two dimensional Cartesian coordinate of the i–th BS BSi. Consider-
ing that studies have shown that there are high fluctuations in traffic
demand over space and time in cellular networks [22], e.g., the traf-
fic demands in urban and rural areas or traffic demands in day and
night time are entirely different, there is potential in energy savings
by adapting the BS switch-off strategy to the demanded traffic.
In this paper, a mutually repulsive BS switch-off strategy is pro-
posed based on the distance constraint between any two BSs. When
the traffic demand of the small cell network is heavy, all BSs are
switched on to work. When the traffic demand of the small cell net-
work is light, a part of BSs should be switched off to save energy.
In this case, all BSs calculate the current traffic load to peak traffic
load ratios denoted as Φ(xi) ( i = 1, 2, . . .), which are assumed to
be independently uniformly distributed in the range of [0, 1]. The BS
switch-off process in the small cell network is regarded as a depen-
dent thinning process of the PPPwith a minimum distance δ between
active BSs. The dependent thinning retains the active BS BSi of PPP
with mark Φ (xi) if the disk d (xi, δ) contains no BSs with marks
larger than Φ(xi), where d (xi, δ) is a disk region with central point
xi and the radius δ [23]. After adopting the BS switch-off strategy,
the active BSs of the small cell network can be governed by a Matérn
hard-core process of Type II [24] in this paper, which represents a
special case of HCPP. Moreover, the thinned process ΠHCPP, i.e.,
the Matérn hard-core process [23] is defined by
ΠHCPP=
{
x ∈ ΠPPP :Φ (x) > Φ
(
x
∗)
, ∀x∗∈ΠPPP ∩ d (x, δ)
}
.
(1)
The distributions of BSs with and without the BS switch-off strategy
in a small cell network are illustrated in Fig. 1. Assumed that each
small cell includes L UEs in the original small cell network, the
number of the UEs in a cell is regarded asK = LλB
λ∗
when adopting
the mutually repulsive BS switch-off strategy, where λ∗ denotes the
density of the active BSs in the thinning small cell as well as the
intensity of the HCPP.
2.2 Channel Model
In this paper, we assume that each small cell in the thinning small
cell network includes one BS equipped withM antennas andK UEs
equipped with a single antenna. Considering that the massive MIMO
technology is adopted at BSs, the number of antennas at the BS is
obviously larger than the number of UEs. In this case, the channel
model [25] between the desired BS and UEs is
H = GD
1
2 , (2)
where G is a M ×K matrix denoting the fast fading coefficients
between a BS and K UEs, the elements of which are indepen-
dent identical distribution (i.i.d.) complex Gaussian random vari-
ables with unit variance and zero mean. The element [G]mk =
gmk (m = 1, 2, . . . ,M ; k = 1, 2, . . . , K) located at the m–th row
and the k–th column of matrix G is the fast fading coefficient
between the m–th antenna at the desired BS and the k–th UE.
D is a K ×K diagonal matrix, and the diagonal element, i.e.,
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Fig. 1: The BS distribution in a small cell network with the mutually
repulsive BS switch-off strategy. The hollow circles are all the BSs
in the small cell network. The red solid dots are the active BSs after
adopting the mutually repulsive BS switch-off strategy.
[D]kk = βk , is the large scale fading coefficient between the desired
BS and the k–th UE. Moreover, the large scale fading coefficient is
extended by βk =
ωk
rα
k
, where ωk is the shadowing effect in wireless
channels and is calculated by ωk = e
s
10 , the random variable s is
governed by the Gaussian distribution with zero mean and variance
σ2s , i.e., s ∼ N(0, σ2s), rk is the distance between the desired BS
and the k–th UE, α is the path loss coefficient.
The received signal vector yi of K UEs in the i–th small cell is
expressed as
yi = H
T
iixi +
∑
u6=i
H
T
uixu + n, (3)
xi =
√
PfFisi, (4)
xu =
√
PfFusu, (5)
where HTii is the channel matrix between the desired BS BSi and
the K UEs in the i–th small cell with the transposition operation
(·)T at the matrix, xi is theM × 1 signal vector transmitted by BSi,
HTui is the channel matrix between the interfering BS BSu and the
K UEs in the i–th small cell, xu is the signal vector transmitted by
the interfering BSu, n is the K × 1 noise vector at the UEs in the
i–th small cell and the noise powers at all UEs are the same and
equal to σ2n. Fi and Fu are the M ×K precoding matrixes at BSi
and BSu, respectively.
√
Pf si and
√
Pf su are the K × 1 origi-
nal signal vectors without precoding at BSs, where Pf is the signal
power, si ∼ CN (0, 1) and su ∼ CN (0, 1) are the independent data
streams at BSi and BSu, respectively.
Assume that the pilot signals in different small cells are trans-
mitted at the same frequency and the pilot signals of K UEs are
orthonormal each other in a small cell. In this case, the inter-cell pilot
pollution is only considered and the intra-cell pilot pollution can be
ignored. Then, the estimated channel matrix between the desired BS
and theK UEs in the i–th small cell is
Ĥii =
√
Pp
Hii +∑
u6=i
Hiu
 , (6)
where Hiu denotes the channel matrix between the desired BS BSi
and theK UEs in the u–th small cell, Pp is the pilot signal power.
When the matched filter precoding scheme [26] is adopted at BSs,
the precoding matrices Fi and Fu used at the desired BS and the
interfering BS are given by
Fi = Ĥ
∗
ii =
√
Pp
Hii +∑
u6=i
Hiu
∗ , (7)
Fu = Ĥ
∗
uu =
√
Pp
Huu +∑
i6=u
Hui
∗ , (8)
where (·)∗ is the conjugation operation at the matrix. Substituting
(7) and (8) into (4) and (5), the received signal vector yi of K UEs
in the i–th small cell is derived as
yi =
√
PfPpH
T
iiH
∗
iisi +
√
PfPp
∑
u
′ 6=i
H
T
iiH
∗
iu
′ si
+
√
PfPp
∑
u6=i
H
T
uiH
∗
uusu+
√
PfPp
∑
u6=i
∑
i
′ 6=u
H
T
uiH
∗
ui
′ su+n,
(9)
where (·)† is the conjugation transposition operation at the matrix.
WhenM approaches infinite andM ≫ K, the following results are
derived by [27]
1
M
H
T
iiH
∗
ii =
1
M
H
T
ii
(
H
T
ii
)†
→ Dii, (10)
1
M
∑
i
′ 6=u
H
T
uiH
∗
ui
′ =
1
M
∑
i
′ 6=u
H
T
ui
(
H
T
ui
′
)†
→ Dui. (11)
When massive MIMO antennas are assumed to be equipped at
BSs, the fast fading effect in wireless channels can be ignored based
on the results in [27]. As a consequence, (9) can be simplified as
yi→M
√
PfPpDiisi+M
√
PfPp
∑
u6=i
Duisu+n, as M→∞,
(12)
where Dii and Dui are K ×K diagonal matrices and the diago-
nal elements of Dii and Dui are denoted by [Dii]kk = βiki and
[Dui]kk = βuki, which are the large scale fading coefficients over
wireless channels. Moreover, the large scale fading coefficients are
calculated by βuki =
ωuki
rα
uki
and βiki =
ωiki
rα
iki
, where ωuki and ωiki
are shadowing effects over wireless channels, ruki is the distance
between the interfering BS BSu and the k–th UE in the i–th small
cell, and riki is the distance between the desired BS BSi and the
k–th UE in the i–th small cell, α is the path loss coefficient over
wireless channels. Furthermore, the received signal at the k–th UE
in the i–th small cell is
yik = M
√
PfPpβikisik +M
√
PfPp
∑
u6=i
βukisuk + nk , (13)
where suk is the k–th element in the vector su and is the independent
data stream transmitted for the k–th UE in the u–th small cell, nk is
the noise of the k–th UE. Hence, the interference power received at
the k–th UE in the i–th small cell is
Iik =
M√PfPp∑
u6=i
βukisuk
†M√PfPp∑
u6=i
βukisuk

= M2PfPp
∑
u6=i
β
2
ukis
†
uk
suk
= M2PfPp
∑
u6=i
β
2
uki. (14)
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3 Interference Model
When the BS switch-off strategy is adopted in the small cell network,
the active BSs are included by a set ΠHCPP. Then the interference
power received at the k–th UE in the i–th small cell is expressed as
Iik = M
2
PfPp
∑
u6=i
ω2uki
r2α
uki
, (15)
where the distance between the interfering BS BSu and the k–th UE
UEik in the i–th cell is denoted as ruki = |xBSu − xBSi − xint|,
xBSu and xBSi respectively denote the locations of the BSu and
BSi, and xint denotes the distance vector form the desired BS BSi
to the UEik . The average interference of an UE in the small cell
network can be expressed as
Ik_avg = lim
S→R2
E
[ ∑
xi∈S
Iik
]
∫
S
ζ(1)dx
, (16)
where E [·] is the expectation operation, S is a finite region in the
infinite plane S ⊆ R2, and ζ(1) denotes the probability that a BS is
active when the BS switch-off strategy is adopted. The probability
that there is a BS in the infinitesimal small region dx is calculated
as ζ(1)dx for the HCPP. The denominator part of (16) denotes the
average number of active BSs in the small cell network.
For the PPPmodel, the number of points in a circle with the radius
δ is a Poisson random variable with mean λBpiδ
2. Based on the
results in [21], the first moment of HCPP is
ζ
(1) = λB
∫1
0
e
−λBpiδ
2tdt =
1− e−λBpiδ2
piδ2
, (17)
which is the probability that a BS is active. Moreover, the second
moment of HCPP which denotes the probability that two points at
different locations are retained, is expressed as
ζ
(2)(r) = λ2Bϕ(r), (18a)
ϕ(r)=
 2Vδ(r)
(
1−e−λBpiδ
2
)
−2piδ2
(
1−e−λBVδ(r)
)
λ2Bpiδ
2Vδ(r)(Vδ(r)−piδ2)
, r>δ
0, r≤δ
,
(18b)
Vδ(r)=
{
2piδ2−2δ2 arccos ( r2δ )+r√δ2 − r24 , 0<r<2δ
2piδ2, r≥2δ
,
(18c)
where r is the distance between two points which are located in the
infinitesimally small regions, i.e., dx1 and dx2. Based on (18a), the
probability that the two infinitesimally small regions dx1 and dx2
exist the active BSs is ζ(2)(r)dx1dx2, when the distance between
dx1 and dx2 is r. In this case, the expectation of the total interfer-
ence power of the thinning small cell network in the area S is derived
as
E
∑
xi∈S
Iik

=
∫
S
∫
S
M
2
PfPp
Eωuki
[
ω2uki
]
|x1−x2−xint|2α
ζ
(2) (|x1−x2−xint|) dx1dx2.
(19)
As a result, the average interference of the k–th UEUEik in the i–th
cell of the thinning small cell network can be expressed as
Ik_avg
= lim
S→R2
∫
S
∫
S
M2PfPpEωuki [ω
2
uki]
|x1−x2−xint|
2α ζ
(2) (|x1−x2−xint|) dx1dx2
∫
S
ζ(1)dx
= lim
S→R2
|S| ∫
R2
M2PfPp
Eωiu [ω
2
uki]
|−x2−xint|
2α ζ
(2) (|−x2 − xint|) dx2
ζ(1) |S|
=
M2PfPpEωiu
[
ω2uki
]
ζ(1)
∫
R2
ζ(2) (|x|)
|x+ xint|2α
dx, (20)
where |S| denotes the area of the region S.
4 Energy Efficiency
Based on (13), the desired received signal power of UEk in the i–th
small cell is expressed as
Pik =
(
M
√
PfPpβikisik
)† (
M
√
PfPpβikisik
)
= M2PfPpβ
2
iki. (21)
Then the achievable rate of UEk is derived as
Rik = log2
(
1 +
Pik
Iik + σ
2
n
)
= log2
(
1 +
M2PfPpβ
2
iki
Iik + σ
2
n
)
.
(22)
Theorem 1. The lower bound for the average achievable rate of
UEk in the i–th small cell with the HCPP model can be given as
Rik_avg (xint)=
∞∫
0
log2
1+ M
2PfPpω
2ζ(1)e−2σ
2
s |xint|−2α(
M2PfPp
∫
R2
ζ(2)(|x|)
|x+xint|
2α dx+ζ(1)e−2σ
2
sσ2n
)

×
5exp
(
− 25 ln2(ω)
2σ2s
)
ω
√
2piσs
dω
. (23)
Proof: Considering that f(x) = log2
(
1 + 1x
)
is easily proofed to
be a convex function, based on the Jensen’s inequality the average
achievable rate of UEk is derived as
Rik_avg = Eωiki
[
EIik
[
log2
(
1 +
M2PfPpω
2
iki
|xint|2α
(
Iik + σ
2
n
))]]
≥ Eωiki
[
log2
(
1 +
M2PfPpω
2
iki
|xint|2α E
[(
Iik + σ
2
n
)])]
= Eωiki
[
log2
(
1 +
M2PfPpω
2
iki
|xint|2α
(
Ik_avg + σ
2
n
))] . (24)
Assumed that ωiki is the shadowing effect in wireless channels
and is calculated by ωiki = e
siki
10 with the random variable siki
governed by the Gaussian distribution with zero mean and variance
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σ2s , i.e., siki ∼ N(0, σ2s), the probability density function (PDF) of
ωiki is derived as
fωiki (ω) =
5
ω
√
2piσs
exp
(
−25 ln
2(ω)
2σ2s
)
. (25)
Then the first moment (or the expectation) of ωiki is given as
E [ωiki] = e
σ2s
2 . (26)
And the second moment of ωiki is given as
E
[
ω
2
iki
]
= e2σ
2
s . (27)
Assumed that the shadowing effects ωiki and ωuki(u 6= i) are
i.i.d. random variables, we have E
[
ω2uki
]
= E
[
ω2iki
]
= e2σ
2
s and
E [ωuki] = E [ωiki] = e
σ2s
2 .
Substituting (20) and (25) into (24), the lower bound of the
average achievable rate of UEk in the i–th small cell can be
obtained. 
In this paper, an UE is assumed to be associated with the closest
BS and the distance vector between the UE and the associated BS is
denoted as xint. Based on the result in [28], the PDF of the distance
|xint| is approximated by
fxint (r) ≈ 2r
1− e−λBpiδ2
δ2
e
−λ∗M(r,δ)
, (28)
with
M(r, δ) ={
pir2−
(
2 arcsin
(
δ
2r
)
+arccos
(
δ
2r
))
r2+δ
√
r2−δ24 , r> δ2
0, 0< r≤ δ2
,
(29)
where λ∗ is the density of the active BSs after adopting the BS
switch-off strategy, and the value of λ∗ is the only one that guar-
antees fxint (r) to be a proper PDF function, i.e., it is the unique
value λ∗ such that
∫∞
0 fxint (r) dr = 1.
Moreover, the average sum achievable rate of the i–th cell in the
thinning small cell network is calculated as
E(Ri)=
K∑
k=1
Exint
[
Rik_avg (xint)
]
. (30)
Considering that the K UEs in the i–th cell are independently
uniformly distributed in the coverage area of BSi, the average
achievable rates of the K UEs are equal, such that the average sum
achievable rate of the i–th cell is further derived as
E(Ri)=K
∞∫
0
Rik_avg (r) fxint (r) dr. (31)
Based on the signal (4) transmitted by the BS with the massive
MIMO technology, the transmission power of BSi is
Pi = x
†
ixi
=
√Pp
Hii + ∑
u
′ 6=i
Hiu′
∗ si
†
×
√
Pp
Hii + ∑
u
′ 6=i
Hiu′
∗ si
= Pps
†
i
(∑
xu
H
†
iuHiu
)
si
= MPp
∑
xu∈ΠHCPP
K∑
k=1
βiku
. (32)
Considering theK UEs in the i–th cell are independently uniformly
distributed in the coverage area of BSi, the distances between BSi
andK UEs are i.i.d. random variables, and the PDF of the distances
could be modeled by (28). The average BS transmission power of
the small cell network is given as
PT _avg = E
[
MPp
∑
xu
K∑
k=1
βiku
]
= MPp
K∑
k=1
E
[∑
xu
ωiku
|xBSu − xBSi − xint|α
]
= MPp
K∑
k=1
E [ωiku]Exint
 ∫
R2
|x+ xint|−α ζ(2)(x)dx

. (33)
Based on the decomposition of the total BS power consump-
tion [29], a linear average BS power consumption model is simple
presented as follows
PBS_avg =
PT _avg
η
+MPRF_chain + Psta, (34)
where η is the average efficiency of signal transmission circuits and
PRF_chain is the power of radio frequency circuit consumed at an
antenna, Psta is the BS operation power fixed as a constant. Fur-
thermore, the average energy efficiency of the small cell network
adopting the BS switch-off strategy is derived as (35) shown at the
top of the next page.
5 Coverage Efficiency
The energy efficiency of 5G small cell networks can be optimized by
effective BS switch-off approaches to saving energy in 5G small cell
networks. However, the loss of coverage efficiency is an inevitable
cost for 5G small cell networks when a part of small cell BSs are
switched off. For the telecommunication providers, the coverage effi-
ciency of small cell networks must keep a high level considering the
usera˛r´s experiences. Therefore, it is an important challenge to trade
off the energy and coverage efficiency in 5G small cell networks. In
this section, the coverage efficiency is analyzed to insight into the
trade-off the energy and coverage efficiency of small cell networks.
According to the measurements in [30], the packet arrival process
of a single user exhibited the long-range dependence characteris-
tic. Through traffic analysis, Mah et al. [31] determined statistics
and distributions for the size of Hypertext Transfer Protocol (HTTP)
files and the results showed that HTTP reply sizes have a heavy-
tailed distribution. Furthermore, Park et al. [32] showed that in a
"realistic" client/server network environment, i.e., one with limited
IET Research Journals, pp. 1–9
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EE =
λ∗E(Ri)
λ∗PBS_avg
=
LλB
∞∫
0
Rik_avg (r) fxint (r) dr
λ∗
MPp
K∑
k=1
e
σ2s
2 Exint
[
∫
R2
|x+xint|
−αζ(2)(x)dx
]
η +MPRF_chain + Psta

(35)
resources leading to the coupling of multiple traffic sources con-
tending for shared resources, the degree to which file sizes are
heavy-tailed directly determines the degree of traffic self-similarity.
Therefore, the traffic of a single user has the self-similar and long-
range dependent property in wireless networks. What’s more, several
mathematical distributions with the infinite variance have been pro-
posed to fit the self-similar traffic, in which Pareto distributions with
infinite variance [33] have been widely used due to the analytical
expression and intuitionistic engineering implication. In this case,
the traffic at a UE is assumed to be governed by Pareto distribution
in this paper. Moreover, the PDF of traffic at the UE is expressed as
fρ(χ) =
θρθmin
χθ+1
, χ ≥ ρmin, (36)
where θ ∈ (1, 2] denotes the heavy tail coefficient of Pareto dis-
tribution, and ρmin denotes the minimum transmission rate which
satisfies the UE traffic requirement. Furthermore, the average traffic
at the UE is given by
E [ρ] =
θρmin
θ − 1 . (37)
When the BS switch-off strategy is adopted, the distance between
a UE and the associated BS is larger, such that the transmission rate
of the UE in the thinning small cell is reduced. Without loss of gen-
erality, a typical UE UE0 is considered at the origin of coordinates.
In this paper, the coverage efficiency is defined as the probability that
the transmission rate of the typical UE is larger than the UE’s traffic
requirement, which is expressed as
CE = Pr {R0 > ρ0}
= Pr {log2 (1 + SINR0) > ρ0}
= Pr
{
SINR0 > 2
ρ0 − 1} , (38)
where ρ0 is the traffic at the UE0, and SINR0 is the signal to
interference plus noise ratio (SINR) at the UE0.
Theorem 2. The PDF of the SINR at the UE0 in the small cell
network can be given as
fSINR(γ)=2g
−1(γ)
1−e−λBpiδ2
δ2
e
−λ∗M(g−1(γ),δ)
∣∣∣∣dg−1 (γ)dγ
∣∣∣∣ .
(39)
Proof: Based on (13), the received signal of the UE0 is expressed as
y0 = M
√
PfPpβ00s0 +M
√
PfPp
∑
u6=0
βu0su + n0, (40)
where s0 and su respectively denotes the transmission signal for the
UE0 and the interference signal, β00 and βu0 denotes the large scale
fading coefficient between BSs and the UE0, n0 is the noise at the
UE0. Furthermore, the SINR0 can be derived as
SINR0 =
M2PfPpβ
2
00
M2PfPp
∑
u6=0
β2u0 + σ
2
n
=
M2PfPpβ
2
00
I0 + σ
2
n
. (41)
To simplify the complex calculation, the instantaneous interference
I0 at the UE0 is assumed to be approximatively equal to the average
interference I0_avg, which the average interference is given based
on (20) as
I0_avg(xint) =
M2PfPpe
2σ2s
ζ(1)
∫
R2
ζ(2) (|x|)
|x+ xint|2α
dx, (42)
and
SINR0 =
M2PfPpω
2
00
|xint|2α I0_avg(xint) + |xint|2α σ2n
. (43)
In this case, the SINR of the UE0 can be denoted as a function
of |xint|, i.e., SINR0 = g (|xint|). Moreover, the inverse function
of SINR0 (|xint|) is denoted as |xint| = g−1 (SINR0). Let γ =
SINR0, the PDF of SINR0 can be derived as (39). 
Based on (38) and (36), the coverage efficiency of the small cell
network is expressed as
CE =
∞∫
2ρ−1
fxint
(
g
−1 (γ)
) ∣∣∣∣dg−1 (γ)dγ
∣∣∣∣dγ. (44)
When (28) is substituted into (44), the coverage efficiency of the
small cell network is extended as
CE=
∞∫
2ρ−1
2g−1(γ)
1−e−λBpiδ2
δ2
e
−λ∗M(g−1(γ),δ)
∣∣∣∣dg−1 (γ)dγ
∣∣∣∣dγ.
(45)
6 Simulation Results and Discussions
In this section, numerical results of the energy efficiency and cover-
age efficiency are analyzed for the small cell network. The impact
of the BS density λB , the minimum distance between active BSs δ,
and the number of antennas at a BS M on the energy and coverage
performance of the thinning small cell network are simulated for per-
formance analysis. The configured default parameters are in Table 1.
Fig. 2 shows that the energy efficiency of the small cell network
considering three different cases, i.e. "PPP" in the figure denotes
the case that no BS is switched in the small cell network, "HCPP"
denotes the case that the proposed BS switch-off strategy with
Table 1 Default Parameters
Parameter Value
BS density λB 10
−4
Minimum distance between active BSs δ 200m
Number of antennas at a BSM 128
Number of UEs in a small cell L 5
Shadowing standard deviation σs 6dB
Noise power σn -174dBm
Path loss exponent α 4
Signal transmission power Pf 7.7W
Pilot signal power Pp 0.13W
Power amplification coefficient η 0.38
Power of radio frequency circuit per antennaPRF_chain 0.048W
BS operation power Psta 4.3W
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Fig. 2: of the small cell network considering there different cases,
i.e. "PPP" in the figure denotes the case that no BS is switched in
the small cell network, "HCPP" denotes the case that the proposed
BS switch-off strategy with mutual repulsion is adopted, "Random"
denotes the case that the random switch-off strategy [6] is adopted
with the switch-off probability λ
∗
λB
.
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Fig. 3: The energy efficiency of the thinning small cell network as
functions of the intensity of all BSs, considering different minimum
distances between active BSs.
mutual repulsion is adopted, "Random" denotes the case that the
random switch-off strategy [6] is adopted with the switch-off prob-
ability λ
∗
λB
. The energy efficiency of the proposed strategy is larger
than that of other two cases. The energy efficiency is improved more
with the increase of the minimum distance compared with the two
strategies. The energy efficiency increases with the increase of the
intensity of all BSs when the minimum distance is fixed at 100m.
Fig. 3 shows that the energy efficiency of the thinning small cell
network as functions of the intensity of all BSs, considering differ-
ent minimum distances between active BSs. The energy efficiency
increases with the increase of the intensity of all BSs in the small
cell network. The minimum distance δ is larger, the energy efficiency
increases more rapidly.
Fig. 4 investigates that the energy efficiency of the thinning small
cell network as functions of the minimum distance, considering dif-
ferent intensities of all BSs. The energy efficiency increases with the
increase of the minimum distance δ. The intensity λB is larger, the
impact of the BS switch-off strategy on improving the energy effi-
ciency is larger. The energy efficiency of the small cell network can
be improved by increasing the intensity of all BSs and increasing the
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Fig. 4: The energy efficiency of the thinning small cell network as
functions of the minimum distance, considering different intensities
of all BSs.
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Fig. 5: The energy efficiency of the thinning small cell network as
functions of the number of antennas, considering different minimum
distances.
minimum distance of the BS switch-off strategy with mutual repul-
sion. The energy efficiency increases more when larger intensity and
larger minimum distance are adopted.
Fig. 5 illustrates that the energy efficiency of the thinning small
cell network as functions of the number of antennas, considering
different minimum distances. The energy efficiency decreases with
the increase of the number of antennas M . The energy efficiency
gains with the increase of the minimum distance are decreased with
the increase of the number of antennas.
Fig. 6 shows that the coverage efficiency of the thinning small
cell network as functions of the intensity of all BSs, considering
different minimum distances between active BSs. When the min-
imum distance is fixed, e.g. δ = 250m, the coverage efficiency
increases with the increase of the intensity when the intensity is
smaller than 2.5 × 10−5; the coverage efficiency keeps unchanged
with the increase of the intensity when the intensity is larger than
2.5× 10−5. The value of the intensity at which the coverage effi-
ciency achieves the maximum decreases with the increase of the
minimum distance between active BSs.
Fig. 7 illustrates that the coverage efficiency as functions of the
minimum distance between active BSs, considering different inten-
sities of all BSs. The coverage efficiency increases with the increase
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Fig. 6: The coverage efficiency of the thinning small cell network as
functions of the intensity of all BSs considering different minimum
distances between active BSs.
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Fig. 7: The coverage efficiency of the thinning small cell network as
functions of the minimum distance between active BSs considering
different intensities of all BSs.
of the minimum distance. With the increase of the minimum dis-
tance, values of the coverage efficiency of different intensities are
equal, e.g. the coverage efficiencies of the intensities 2.5× 10−5
and 1× 10−3 are equal when the minimum distance is larger than
250m. It is illustrated that the coverage efficiency is only limited
by the minimum distance when the minimum distance is larger than
250m.
Fig. 8 shows that the coverage efficiency of the thinning small
cell network considering different numbers of antennas and mini-
mum distances. The coverage efficiency keeps unchanged with the
increase of the number of antennas M . According to the expression
of SINR as (41), it is found that the power gain effects due to the
number of antennas M on the desired signal power (the numerator)
and the interfering signal power (the denominator) are equivalent,
which results in that the SINR is independent of the number of
antennas. Thus, the coverage efficiency is independent ofM .
7 Conclusion
Considering the BSs switch-off strategy, the energy and coverage
efficiency of the thinning small cell network are analyzed in the mas-
sive MIMO system in this paper. Based on our results, the energy
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Fig. 8: The coverage efficiency of the thinning small cell network
considering different numbers of antennas and minimum distances.
efficiency increases rapidly with the increase of the intensity of all
BSs and the minimum distance between active BSs. And the maxi-
mum coverage efficiency can be achieved with the increase of the
intensity and minimum distance. Moreover, the energy efficiency
and coverage efficiency performance are better than the random
strategy. The optimal coverage efficiency can be achieved when the
minimum distance is 250m and the intensity is 2.5× 10−5. For the
future study, the requirement of user QoS could be considered to
further optimize the energy and coverage efficiency of 5G small cell
networks.
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